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Introduction: Grasslands cover one third of the agricultural area in Germany and are mainly used for fodder production. However, grasslands fulfill many other ecosystem functions, like carbon storage, water filtration and the provision of habitats. In Germany, grasslands are mown and/or grazed multiple times during the year. The type and timing of management activities and the use intensity vary strongly, however co-determine grassland functions. Large-scale spatial information on grassland activities and use intensity in Germany is limited and not openly provided. In addition, the cause for patterns of varying mowing intensity are usually not known on a spatial scale as data on the incentives of farmers behind grassland management decisions is not available.
Methods: We applied an algorithm based on a thresholding approach utilizing Sentinel-2 time series to detect grassland mowing events to investigate mowing dynamics in Germany in 2018–2021. The detected mowing events were validated with an independent dataset based on the examination of public webcam images. We analyzed spatial and temporal patterns of the mowing dynamics and relationships to climatic, topographic, soil or socio-political conditions.
Results: We found that most intensively used grasslands can be found in southern/south-eastern Germany, followed by areas in northern Germany. This pattern stays the same among the investigated years, but we found variations on smaller scales. The mowing event detection shows higher accuracies in 2019 and 2020 (F1 = 0.64 and 0.63) compared to 2018 and 2021 (F1 = 0.52 and 0.50). We found a significant but weak (R2 of 0–0.13) relationship for a spatial correlation of mowing frequency and climate as well as topographic variables for the grassland areas in Germany. Further results indicate a clear value range of topographic and climatic conditions, characteristic for intensive grassland use. Extensive grassland use takes place everywhere in Germany and on the entire spectrum of topographic and climatic conditions in Germany. Natura 2000 grasslands are used less intensive but this pattern is not consistent among all sites.
Discussion: Our findings on mowing dynamics and relationships to abiotic and socio-political conditions in Germany reveal important aspects of grassland management, including incentives of farmers.
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1 INTRODUCTION
Grasslands shape the landscape in large parts of Germany and constitute about one third of the agriculturally used area (Destatis, 2021) Grasslands in Germany are mainly used to produce fodder for livestock and are therefore regularly mown and/or grazed. Apart from that, grasslands fulfill multiple ecosystem services, like storage of carbon, filtration of water, erosion control and provision of habitats for numerous species (White et al., 2000; Bengtsson et al., 2019). In addition to site conditions, the management of grasslands determines these ecosystem services by a large degree.
Apart from the provision of fodder, grasslands are also mown or grazed at least once per year to prevent bush encroachment and the shift to tree-dominated ecosystems. In addition, some grasslands are fertilized with manure or chemical fertilizers (Schoof et al., 2020a; Schoof et al., 2020b). The intensity of grassland management–like the frequency of fertilizer application and mowing–has an impact on the species composition and on the provision of ecosystem services of grasslands. More intensive use (i.e., more frequent fertilizer application and mowing events) aims at higher biomass productivity rates which usually comes at cost for the remaining ecosystem services as species richness is reduced (Socher et al., 2012; Neyret et al., 2021). In particular the transition from extensive to intermediate grassland use results in a strong biodiversity loss also on larger spatial scales as it leads to a homogenization of grassland communities (Gossner et al., 2016). Closely related are negative effects on bird and insect species richness which were discovered for intensively used grasslands (Chisté et al., 2016; Jungandreas et al., 2022). In addition, studies found a reduction of soil carbon through intensive grassland use (Ward et al., 2016; Kühnel et al., 2019). Within grasslands, 80%–94% of carbon is stored within soils as soil organic carbon or below-ground biomass (Carvalhais et al., 2014), which makes carbon storage in grassland ecosystem not as short-lived as in forests, for instance. Intensive grassland management does not only lead to a loss but also reduced sequestration potential of carbon due to alteration of grassland soil processes (Liu et al., 2022).
Furthermore, grassland management and use intensity influence the resistance and resilience of grassland ecosystems to extreme weather conditions, like drought events (Isbell et al., 2015; Ingrisch et al., 2018). More diverse grasslands, which are associated with extensive grassland use, were found to be more resistant against weather extremes (Kreyling et al., 2008; Isbell et al., 2015). This is probably a result of higher functional and phenological diversity within species rich grasslands (Kreyling et al., 2008; Beierkuhnlein et al., 2011). Further, managed mountain grasslands were found to be less resistant to droughts than abandoned grasslands, but showed faster recovery (Ingrisch et al., 2018). This highlights that grassland management (and use intensity) alters the effect of climate change on grassland ecosystem functions.
In Germany, grassland parcels are relatively small and the management actions conducted on individual parcels depend on the farmers’ decisions. This results in small-scale–in use intensity and type alternating–grassland parcels. Information on management activities on sub-parcel or parcel level for larger areas is limited and not openly provided in Germany. As grassland management co-determines ecosystem functions of grasslands, the large variety in management practices combined with a lack of knowledge of grassland management and use intensity for a broader scale, aggravates large-scale analyses of grassland ecosystem services. Without spatial information on grassland management, large-scale assessments of grassland ecosystem services, e.g., carbon storage or biodiversity, can hardly be reliably achieved (Kühnel et al., 2019). In particular–but not only–in regard of climate change, large-scale assessments of grassland ecosystem services are crucial to enable holistic optimized management strategies for the future. Grasslands are also dominant land cover types in other north-western European countries, for which monitoring of grassland management is necessary to inform on nutrient cycling and yields according to EU regulations. Previous literature showed the potential of optical and SAR data to investigated grassland management and bio-physical parameters in Ireland and France, for instance (Barrett et al., 2014; Dusseux et al., 2014; Ali et al., 2017), however, national-scale monitoring systems are still missing.
In addition to missing information on grassland functions, there is a lack of national-scale information of grassland yields in Germany. Grassland biomass is used as fodder for livestock; it is either grazed or fed as hey or silage which is produced from the mown plant material. The fodder is usually not sold but directly used on farms. As a consequence, there is no quantified information on grassland yields publicly available, apart from estimations based on expert knowledge. Potential drops in grassland yields due to extreme weather are difficult to quantify. There have been some exceptionally dry and hot periods in Germany within the last years [e.g., 2018 (DWD, 2020)] with significant stress on vegetation (Reinermann et al., 2019), which are assumed to increase in frequency and severity in the future due to climate change. In addition, investigations of regional variations and exact calculations of the reduction in yields are limited. Information on the timing and frequency of mowing events and the amount of biomass mown each time are needed to quantify grassland yields for multiple years and on fine spatial scales. This is particularly relevant for highly diverse and dynamic grassland landscapes, like in Germany, as yield estimations are limited there due to the varying small-scale management activities.
Earth observation enables large-scale investigations of various grassland characteristics (Reinermann et al., 2020). In particular, satellites of the Copernicus Mission (e.g., Sentinel-1 and Sentinel-2) deliver freely available remote sensing imagery at high temporal and spatial resolution suited to investigate highly dynamic and diverse grassland proxies, like management activities or biomass, over large extents. Optical spectral bands and vegetation indices, like the Normalized Difference Vegetation Index (NDVI) or the Enhanced Vegetation Index (EVI), are related to grassland greenness, density and vitality (Huete et al., 2002). Temporal information of grassland characteristics can, therefore, be exploited from time series of optical and, to some degree, Synthetic Aperture Radar (SAR) time series (Holtgrave et al., 2020). Combined with in-situ data, like biomass samples, satellite data was used to estimate and map grassland vegetation biomass (Edirisinghe et al., 2011; Edirisinghe et al., 2012; Magiera et al., 2017; Quan et al., 2017; Wang et al., 2017; Yin et al., 2018; Zeng et al., 2019). In addition to that, Earth observation data was successfully used to classify grasslands according to their use (intensity) (Franke et al., 2012; Asam et al., 2015; Gomez-Gimenez et al., 2017; Lange et al., 2022). Lange et al. (2022) proposed an approach to estimate grassland use intensity as a proxy of mowing frequency, grazing intensity and fertilization for entire Germany using Sentinel-2 (S2) and a Convolutional Neural Network (CNN) classification, resulting in averaged F1-Scores of 0.55 for grazing intensity, 0.57 for mowing frequency and 0.81 for fertilization. Several studies focused on the detection of grassland mowing dates (Voormansik et al., 2013, 2020; Tamm et al., 2016), which mostly relied on Sentinel-1 (S1), S2 and Landsat time series and used a classification (Taravat et al., 2019; Lobert et al., 2021) or a rule-based change detection approach (Kolecka et al., 2018; Griffiths et al., 2020; De Vroey et al., 2021, 2022; Schwieder et al., 2021; Reinermann et al., 2022). Machine learning approaches have the disadvantage of being limited in their spatial and temporal transferability as the models are potentially overfitted (Meyer et al., 2018; Ploton et al., 2020). Schwieder et al. (2021) detected mowing events in Germany for several years using a thresholding approach based on theoretical assumptions and S2 and Landsat 8 time series. Reinermann et al. (2022) conducted and validated a mowing detection based on a calibrated thresholding approach using S2 time series for entire Germany with relatively similar accuracies compared to Schwieder et al. (F1-Score = 0.64 for 2019 for both), despite using a larger and more diverse validation data set, to our knowledge.
Beside these approaches to investigate grassland use intensity and detect mowing events, large-scale, multi-annual grassland mowing dynamics have not been exhaustively assessed and relationships to influencing environmental factors have not been analyzed and understood. In addition, the cause behind the distribution of grasslands characterized by different use intensity levels have not yet been investigated. In Germany, grasslands usually occur on sites which are less productive, as more nutritious sites are used for the production of crops (Bruns et al., 2000). Many grasslands were converted to croplands in the past in the course of intensification processes of agricultural production in Germany, which led to a general homogenization of landscapes (Wolff et al., 2021). Intensive land management usually takes place in favorable areas concerning geo-physical and climatic conditions, but socio-economic factors have also shown to play an important role (Levers et al., 2018). The conditions which have to be fulfilled for intensive or extensive grassland use have not been investigated spatially and for larger areas. Grassland mowing dynamics over time and the relationship to external influences are crucial information needed to comprehensively monitor and assess grassland ecosystem services and to provide the basis for sustainable management recommendations. Here, we use the approach from Reinermann et al. (2022) based on S2 only, to detect mowing events as a central aspect of grassland use intensity for multiple years (2018–2021) over entire Germany and its sub-regions. Time series of the EVI is utilized on pixel level to detect mowing events by locating strong minima, defined by a thresholding approach. In a next step, we analyze spatio-temporal patterns of mowing dynamics, i.e., the mowing frequency and the timing of the first mowing event of grasslands. Subsequently, we investigate the relationship of use intensity to potential influencing factors of mowing dynamics, like temperature, precipitation, elevation, slope, soil type, and conservation schemes. Our objectives are i) to identify the spatial and temporal patterns of grassland mowing dynamics in Germany within the years 2018–2021 and ii) to analyze the influence of climatic, topographic, soil and socio-political conditions on these patterns in order to provide science-based information for policy makers.
2 STUDY AREA
Germany is a federal republic in Central Europe, covers an area of approximately 357,000 km2 and lies within the maritime west and the continental east of Europe. As a result, there is a gradient from west to east considering the influence of mild and moist weather conditions originating from the Atlantic Ocean. The average elevation in Germany is about 370 m.a.s.l. and altitudes reach elevations of up to 2,962 m.a.s.l., with a rough gradient from the coastal areas in the north towards the Alps in the south (Figure 1A). Germany has a humid temperate climate with warm summers (Koeppen, 1936). The annual rainfall rates average to 791.3 mm within Germany and annual mean temperatures are 9.3 °C for the current reference period of 1971–2020 (Imbery et al., 2021). Highest temperatures on average can be found in the Upper Rhine Valley and the Neckar Valley in the south-east and the Upper Rhine area in western Germany. The averaged start of the vegetation growing season in Germany also shows earliest start of vegetation growth in the areas with the highest temperatures and latest start of growing season in areas of higher altitudes (Figure 1C).
[image: Figure 1]FIGURE 1 | Topographic (A,B) derived from EU-DEM (Copernicus, 2016), vegetation onset (C) provided by German Weather Service (DWD Climate Data Center, 2023) and climatic conditions (D,E) also from German Weather Service (DWD Climate Data Center, 2018b) of Germany for the years 2018–2021.
The years 2018, 2019 and 2020 were unusually warm compared to the years since systematic weather recordings (Imbery et al., 2021) with mean temperature anomalies of +2.3 K, +2.1 K and +2.2 K compared to the reference period of 1961–1990, respectively (Imbery et al., 2021) (Figure 1D). In addition, 2018 was extremely dry as mean precipitation rates were 586.3 mm, which is 202.6 mm lower than the average of the reference period 1961–1990 (DWD, 2020). The year 2021 was characterized by rather warm temperatures (+0.9 K compared to 1961–1990) and precipitation rates slightly above average (801 mm) (DWD, 2022) (Figures 1D,E). The comparison of the timing of phenological stages of some indicator plants shows that in early spring, the onset of vegetation growth was latest in 2018 (Figure 2). This, however, changed in ongoing spring and early summer, when the timing of vegetation growth stage was earliest in 2018 and latest in 2021 comparing the 4 years of interest.
[image: Figure 2]FIGURE 2 | Comparison of the timings of phenological stages of indicator plants, including the greening of permanent grassland, the flowering of perennial foxtail and the flowering of elderberry, during the period of 1st of March to 9th of June for each year of interest. The data was derived from the German Weather Service (DWD, 2023).
Approximately one third of the agriculturally used area in Germany is covered by grasslands [Figure 3; (Copernicus, 2018)]. Globally, grasslands are defined as areas which are covered by herbaceous vegetation, that mostly consists of grass species (Poaceae) and other graminoids (Cyperaceae, Juncaceae). In addition, there are potentially large herb-layers and a small proportion of woody vegetation present in grasslands (Dengler et al., 2020). In Germany, most grasslands are secondary grasslands, which means that they developed and are maintained under human influence (Dengler et al., 2020). Natural grasslands might only occur in Alpine regions that are too cold for forest growth in Germany. Grasslands are present within various landscapes and vary within their species composition and physiognomy within Germany. They are characterized by successive growth and flowering periods and are usually harvested one to multiple times per year, either by mowing or grazing (Schoof et al., 2020a). Some grasslands are mown as well as grazed whereby grazing takes place rather at the beginning or at the end of the vegetation period (March to November). Mowing takes place one to six times per year at any time throughout the vegetation period. In addition, many grasslands are fertilized regularly (Schoof et al., 2020a).
[image: Figure 3]FIGURE 3 | Great natural landscapes and counties of Germany (left), and areas covered by grassland (right) according to the Copernicus High Resolution Layer 2018 (Copernicus, 2018).
3 MATERIALS AND METHODS
3.1 Data
3.1.1 Satellite data
The analysis of grassland mowing dynamics is based on Copernicus S2 time series which are freely accessible online (Drusch et al., 2012). The two S2 satellites (S2A and S2B) acquire data in 10, 20 and 60 m spatial resolution with a revisit frequency of two to 5 days over Germany. Due to overlapping orbits the coverage is not homogeneous for Germany (compare Figure 4). A total of 63 S2 tiles covering Germany were processed for the years 2018, 2019, 2020 and 2021. Only data between March and November was included as the vegetation is not active during the winter months (December to February) in Germany. This resulted in 4,374 scenes in 2018, 3,483 scenes and in 2019, 4,122 scenes in 2020, and 3,191 scenes in 2021. The S2 data was pre-processed with the MAJA algorithm version 3.3 and areas covered with clouds, cloud shadows or topographic shadows were excluded (Hagolle et al., 2017).
[image: Figure 4]FIGURE 4 | Data availability of S2 for the years 2018–2021 after applying the MAJA pre-processing algorithm and filtering out areas which are covered by clouds, cloud shadows or topographic shadows.
3.1.2 Grassland management reference data
A satellite-independent dataset with ground-truth information on grassland management was created by exploiting webcam and self-installed RGB camera imagery on various grassland sites in Germany (Figure 3). The reference dataset was used to calibrate and validate the satellite data-based mowing event detection and gain some additional insights in common grassland management in Germany. Cameras (n = 11) were installed at farms of collaborating farmers in southern Germany, acquiring management information of 13 differently used grassland, which was used for calibration of the mowing detection approach. In addition to these self-installed cameras, images of public webcams (n = 69) were used to create a validation dataset for multiple sites in Germany, covering the entire spectrum of management options and use intensity of grasslands. These openly accessible webcams, which actually fulfill the purpose of informing tourists, acquired at least daily images of one to around eight grassland parcels. The location of the webcams and grasslands covered by them were made out using Google Earth imagery and the information provided on the website of the cameras. All camera images were visually examined to extract mowing dates.
The reference dataset includes information on mowing activities (exact dates), fertilization and grazing activities, on parcel level for all investigated years (2018–2021). The number of reference grassland parcels and mowing events were 49–192, depending on the year (Table 1). In total, there were 1,475 mowing events available for validation among the years. The number of ground observations varies among the years as webcam images were continuously tracked from 2019 onwards, resulting in a lower number of observed mowing events in 2018, for which only webcams with online image storage could be used. In addition, some cameras were out of order for some periods during the 4 years or changed their view angle leading to a variability within the number of observed grassland parcels and mowing activities (Table 1). As some accuracy statistics, like the F1-Score (see Section 3.2.2) include the number of false positives, also information about days without mowing events is needed to evaluate the mowing event detection. Only cameras–and mowing events extracted from these–which have continuous RGB imaged without gaps are included in the calculation of the F1-Score. The frequency distribution of the number of mowing events within each year was relatively similar for the years 2019–2021, for which most cameras were available (Table 1). More information on the reference data extraction and processing can be found in Reinermann et al. (2022).
TABLE 1 | Reference data with observed mowing events on various grassland parcels in Germany for the years 2018–2021 based on the interpretation of webcam images.
[image: Table 1]3.1.3 Environmental and socio-political data
The influence on mowing dynamics was investigated with several datasets: annual precipitation, annual temperature, elevation, slope, soil classes and Natura 2000 sites. The climate data used originates from the German Weather Service (DWD). The variables (temperature, precipitation) are raster datasets in 1 km spatial resolution and are interpolated station data (DWD Climate Data Center, 2018a). The precipitation data used here is the sum of rainfall throughout the year in millimeters. The temperature data are the annual mean values in degree Celsius. Climate data from the year 2020 was investigated within this study.
The elevation and slope information are based on the EU-DEM provided by Copernicus (Copernicus, 2016) in 25 m resolution (Figures 1A,B). Soil classes were derived from the compiled soil map of Germany in 1:250,000 [BUEK 250 (BGR, 2018)]. The Natura 2000 sites were downloaded from the European Environmental Agency (EEA, 2021) and both classes, from the Habitats Directive and the Birds Directive were included in the analysis.
Two geospatial datasets, consisting of a geographic classification (great natural landscapes) and administrational units (counties) of Germany, were used to aggregate the results and investigate patterns of mowing dynamics on different spatial resolution. The great natural landscapes of Germany, which consist of seven terrestrial regions were used in that regard (Figure 3). The great natural landscapes are defined by geographical conditions (e.g., climate and/or topography) and provided by the national environmental protection agency (Meynen et al., 1962). In addition, counties within Germany are used for the analysis (Figure 3). Furthermore, the Copernicus High Resolution Grassland Layer (Copernicus, 2018) of 2018 in 10 m resolution was used to extract the grassland covered area in Germany.
3.2 Multi-annual mowing event detection
3.2.1 Grassland mowing detection
Grassland mowing events were detected based on S2 time series in 10 m resolution according to Reinermann et al. (2022), described in the following. The mowing detection approach was conducted and extensively evaluated within Reinermann et al. for the year 2019 and the approach leading to the best detection results is applied here. According to the mowing detection approach the Enhanced Vegetation Index (EVI) was calculated from the blue, red and near-infrared (NIR) bands of the S2 sensor (Huete et al., 2002): 
[image: image]
The EVI time series covering Germany was filtered, interpolated and smoothed per pixel and for each year individually. First, negative values and values above two were excluded as vegetation surfaces usually show positive EVI values, and EVI values above two were considered as outliers. Then, the time series were linearly interpolated to daily time steps and afterwards the Savitzky-Golay filter was applied to smooth smaller fluctuations (Savitzky and Golay, 1964).
Based on this pre-processed S2 EVI time series, a calibrated thresholding approach was applied to detect grassland mowing dates: i) Local minima within the time series are localized. ii) The EVI value range between the local minimum and the preceding local maximum is calculated. For a mowing detection, this EVI amplitude needs to exceed a threshold of 0.07. iii) The local minimum has to be followed by an EVI increase of at least 0.02 to detect a mowing event. If these conditions (i-iii) are met, a mowing event is detected. The mowing date is placed between the local maximum and following local minimum, as the mowing detection is a result of the EVI drop between those and the mowing event could have happened anytime in-between. The thresholds were determined according to the highest accuracy reached in detecting mowing events using the calibration sites (compare Reinermann et al., 2022).
The mowing detection approach, developed in previous work, was applied here to all areas covered by grassland in Germany, according to the Copernicus High Resolution Layer 2018, for the years 2018, 2019, 2020 and 2021. Based on the detected mowing events, the annual mowing frequency and the timing of the first mowing event taking place in each year were further examined.
3.2.2 Calibration and validation of mowing events
A subset of the reference data from 2019 (n = 13 grassland parcels, n = 45 mowing events) was used to develop and calibrate the mowing detection approach (Reinermann et al., 2022). The selection of the most suitable satellite-based parameter and the calibration of the thresholds for the mowing detection were conducted according to the most successful detection condition, defined by the F1-Score. The F1-Score is a metric which combines the success rate of correctly detected mowing events (recall) with the exactness (precision) of the detection:
[image: image]
Where [image: image] = true positives, [image: image] = false positives and [image: image] = false negatives.
The F1-Score reaches values between zero and one, while the highest accuracy of the detection is achieved when the F1-Score is highest. It is a valuable measure of the detection accuracy here, as the number of false positives is included, without which more detections would automatically lead to higher accuracies. The remaining reference data (n = 1,475 mowing events in total, and n = 1,134 mowing events of cameras with continuous data) was used to validate the detected mowing events for the years 2018–2021 by calculating the percentage of detected mowing events, the F1-Score for each year’s map and by comparing the detected from the true mowing frequency. A deviation of up to 7 days between detected and actual mowing date was accepted as correct mowing event detection.
3.3 Processing of biotic and abiotic drivers and investigation of relationships
The multi-annual mowing detections were investigated regarding their spatial patterns and temporal dynamics in Germany. The mowing frequency and the timing of the first mowing event were mapped and averaged to selected geospatial boundaries, like great landscape types or counties in Germany, to highlight spatio-temporal patterns. In addition, the relationships between the mowing frequency and the timing of the first mowing event to climate, topographic and socio-political parameters were investigated. Therefore, linear correlations between these variables were analyzed and the mowing frequency and the timing of the first mowing event were mapped for varying climatic, topographic, soil and socio-political classes. Only areas which are covered by two S2 orbits remain in the analysis of relationships to climatic, topographic, soil and socio-political conditions to guarantee that this analysis is not influenced by artefacts resulting from inhomogeneous satellite data availability.
To enable a comparison to annual temperature and precipitation, the mowing frequency and the timing of the first mowing event, both derived from the S2-based mowing detections, were re-projected (to EPSG: 31467) and resampled to 1 km spatial resolution to match with the climate data. For the mowing frequency, the values between 0 and 6 were averaged within the 1 × 1 km area. As a consequence, the mowing frequencies change from ordinal classes to floating numbers. Regarding the timing of the first mowing event, the dates were also average per 1 × 1 km area. Elevation and slope data were also re-projected to the EPSG: 31467 and resampled to 1 km spatial resolution to enable a comparison to the other raster datasets. The soil classes of the BUEK250 were attributed to the major soil types of the World Reference Base of Soil Resources to enhance universal comparability. The Natura 2000 sites were filtered and only grassland areas which consisted of at least 1 ha remained.
4 RESULTS
4.1 Multi-annual spatio-temporal patterns of mowing dynamics
Within the results, spatial and temporal patterns of the mowing frequency and the timing of the first mowing event are analyzed for all 4 years per great natural landscape and on pixel level. In addition, spatial patterns of intensive and extensive grassland use are investigated per county for the year 2020 as it has the best data availability. Lastly, the validation of the mowing detection is presented.
4.1.1 Mean mowing frequency per great natural landscape in Germany in 2018–2021
Regarding all of Germany, the highest share of grasslands experienced one or two mowing events per year (69% in 2018, 72% in 2019, 68% in 2020 and 72% in 2021). This is followed by grasslands with three mowing events for the years 2018–2020, and zero mowing events in 2021. The amount of intensively used grasslands, which are mown four to six times per year, stayed relatively constant with shares of 2% (2021) to 5% (2020) of the grassland area in Germany.
Multi-annual mean mowing frequencies (MFmean) for the four investigated years (2018–2021) are displayed per great natural landscape in Germany along with the shares of grassland of varying mowing frequencies for each year (Figure 5). Within Germany, the Pre-Alpine region shows the most intensive grassland use as approximately half of the grassland area is mown at least three times per year. In addition, this region has the least share of grasslands which are not mown at all. The Pre-Alpine region is followed by the Alpine region, which is characterized by intensively used grasslands in the valleys and extensively used grasslands on steep slopes and high altitudes. The least intensively used region is the Northeastern Lowland area, where more than 80% of all grasslands are mown maximally twice a year. Within this region, the management stays relatively constant within the four investigated years. Rather low mowing frequencies are found in the Western Low Mountain Ranges and an intermediate distribution of grassland mowing frequencies in the Northwestern Lowlands, the Southwestern and Eastern Low Mountain Ranges.
[image: Figure 5]FIGURE 5 | Multi-annual (2018–2021) mean mowing frequency (MF) per great natural landscape in Germany (map) and per year mowing frequency proportions in these landscapes (bar charts).
For some regions a variability in mowing frequencies is detected between the years. The Northwestern Lowlands, Western Low Mountain Ranges, Pre-Alpine and Alpine regions show a larger area with higher mowing frequencies in 2020 compared to the other years (Figure 5 Bar charts). The Eastern Low Mountain Ranges is the only landscape which has a higher number of mowing frequencies within 2021 compared to the other years. For all landscapes, the number of grasslands, which are mown two times per year, stays relatively constant. Highest variability is found for grasslands that are mown one time or three times.
4.1.2 Pixel-wise assessment of grassland mowing dynamics in Germany in 2018–2021
To assess the grassland management at a finer spatial detail, pixel-wise (10 m resolution) grassland mowing dynamics are depicted for all 4 years in Figure 6. It highlights the fine resolution of the mowing detection approach as parcel borders are visible but also within-parcel variations are potentially detected. Similar to what was observed on the level of landscape regions, most grasslands with high mowing frequencies (mown more than three times) are found in southern/south-eastern regions of Germany among all years (Figure 6). The general mowing frequency patterns are consistent among the years, but there are differences visible on smaller scales as single grassland parcels show changed mowing frequencies within the years (compare Figures 6A–D). In 2020, the mowing frequencies were for large parts of Germany higher than for the other years; in 2021, the mowing frequencies were lower. Regions with a weaker data availability due to single orbit coverage (compare Figure 4) might be visible through less detected mowing events (West of Figure 6D). The zooms in Figures 6A–D illustrate the grassland mowing frequency in four representative grassland landscapes in Germany, characterized by large shares of grassland and varying abiotic conditions. The zoom region in the very north of Germany (Figure 6A) is characterized by a relatively humid climate and a potential influence of groundwater due to the proximity to the marshes which are typical for the north-eastern coast of Germany. In this region, for intensive grassland use with more than three mowing events per year, grasslands are usually drained. The subset shows higher mowing frequencies in 2019 and 2020 and lower mowing frequencies in 2018 and 2021. The region in eastern Germany (Figure 6B) shows larger grassland parcels compared to the other regions which is characteristic for the land-use in the former German Democratic Republic of East Germany. This subset appears to be under rather consistent treatment during the four investigated years. The landscape in the subset in the west of Germany (Figure 6C) is characterized by gentle hills and small, alternating parcels of grassland, crops and forests. The region shows–to a relatively small degree–higher mowing frequencies in 2018 and 2020 compared to the other years. The region in the south of Germany (Figure 6D) is among the rainfall-richest areas of the country, lies on the foothills of the Alps and shows a large share of grasslands with varying use intensities and up to 5–6 harvests per year. It shows higher mowing frequencies within 2018 and 2020 compared to the other years.
[image: Figure 6]FIGURE 6 | Pixel-wise grassland mowing frequency for Germany for the years 2018–2021 with four zooms (A–D) showing grassland of various landscapes (A) the Schleswig Geest; (B) the North Brandenburg Plateaux and Upland; (C) the Bergisches Land/Sauerland; and (D) the Southern Alpine Foreland).
The timing of the first mowing event of each year shows similar patterns to the mowing frequencies as regions in the south and north-west of Germany–which show high mowing frequencies (see above)—are mown relatively early, while regions in central and eastern Germany–which exhibit rather low mowing frequencies–are mown relatively late (Figure 7). However, in addition, areas in the central-west of Germany are mown comparably early. In 2018 the timing of the first mowing event was earlier compared to the other years in large parts of the country, in particular in southern Germany. In 2021, the date of the first mowing event was later than in the previous years for many regions.
[image: Figure 7]FIGURE 7 | Calendar dates of first mowing event of grasslands in Germany for the years 2018–2021 with four zooms (A–D) showing grassland of various landscapes.
For the three great natural landscapes with the largest proportion of grassland areas in Germany (at least 15% of the area is covered by grassland) the timing of the first mowing event is investigated in more detail.
The violin plots (Figure 8) show the distribution of the timing of the first mowing event for these three regions and the 4 years under investigation. They indicate if the timing of the first mowing event (on a pixel basis) was rather early or late for each year, if large proportions of grassland is mown around the same date, or if there are multiple dates where many grasslands are mown for the first time. Broad sections of violin bellies indicate that many grasslands were mown within this period of time in the region, the bold blue line indicates the mean timing of the first mowing event per year and region. Figures 8A–C reveals differences between the years for the three great landscape regions. In 2018, many grasslands were mown comparably early (especially for the Pre-alpine region). In 2019, there are two (for the Northwestern lowlands and the Western low mountain ranges) or even more (for Pre-alpine region) dominant date ranges for the first mowing event observable. In 2020, the first mowing event took place later than in the 2 years before, in particular in the Northwestern Lowlands (Figure 8A). In 2021, the first mowing event was rather late for all three regions, but especially for the Western Low Mountain Ranges and the Pre-Alpine region (Figures 8B, C). It can be assumed that the timing of the first mowing event relates to the stage of vegetation growth. Comparing the timing of phenological growth phases of different indicator plants (Figure 2) with the timing of the first mowing events of the 4 years gives shows that the patterns stages of vegetation growth in early spring (March) seem less similar to the patterns of the timing of the first mowing event compared to the stages of vegetation growth in late April and May. This becomes visible, for example, when examining the patterns in 2018, as the vegetation onset was rather late, but phenological phases in April and May were reached comparably early compared to the other years (Figure 2). In addition, the first mowing event took place rather early in large parts of Germany (Figures 7, 8).
[image: Figure 8]FIGURE 8 | Distribution of the timing of the first mowing event for three great natural landscape types (A–C) in Germany for the years 2018–2021. The blue line shows the mean of the first mowing event per year and landscape.
4.1.3 Intensively used, early mown and diverse grassland use in Germany
The year 2020 showed a good satellite data availability (Figure 4) and was investigated in more detail with respect to hotspot regions of high use intensity, early mowing and large variability of grasslands (Figure 9). By aggregating information on mowing dynamics to county level (next to great natural landscapes and patterns on pixel-level), the proportions of intensively or extensively used grasslands and the variability of mowing intensity are highlighted.
[image: Figure 9]FIGURE 9 | Per-county proportions of intensively used grasslands [mown 4–6 times, (A)], grasslands mown before first of June (B) and the standard deviation on spatial scale of mowing frequencies per county (C) in 2020.
The aggregation of the pixel-wise mowing frequency data to counties (Figure 9) highlights that intensive grassland use (4–6 mowing events per year) can be found in southern Germany mainly and to a lesser degree in the north-west (Figure 9A). For some counties (“Rosenheim”, “Mühldorf am Inn”, “Erding”, “Weilheim-Schongau”, Ostallgäu” and “Ravensburg”) up to 25% of the entire grassland is used intensively. Grasslands which are for a majority mown before first of June can be found in the south and west of Germany, with many early mown grasslands in North Rhine-Westphalia in 2020 (Figure 9B). Generally, intensively used grasslands are mown relatively early; however, there are also many regions with lower mowing frequencies that have a high share of grasslands which are mown before 1st of June in Germany (e.g., regions in Franconia in the southern-central east or the “Sauerland-Bergisches Land” area in the northern-central west). The standard deviation of the mowing frequency per county (Figure 9C) is an indicator for the regional diversity in grassland mowing dynamics, i.e., counties with higher mowing frequency standard deviations are less uniformly managed. Regions with more intensively used grasslands generally also show a higher diversity within their mowing dynamics per county and these counties have high shares of early mown grasslands. The high standard deviation indicates that next to the intensively used grasslands also intermediate and extensively used grasslands exist. This high variability of grassland management might be related to the diversified landscape with valleys, and different gradients of slopes and altitudes.
4.1.4 Validation of mowing detection for all years
The mowing events which were detected based on S2 time series were validated with an independent reference dataset, consisting of 179 grassland parcels and 1,475 mowing events among the years 2018–2021. Within 2020, best results were achieved where approx. two thirds of the mowing events were correctly detected, allowing a time period of 7 days between detected and observed mowing date (Table 2). In 2019, results were almost equally good. In 2018 and 2021, the mowing detection was less successful compared to the other years. The exactness of the mowing detection (precision) was highest in 2019, resulting in the highest F1-Score of 0.64, closely followed by 2020 (F1-Score = 0.63). The mowing detection in 2021 and, in particular, in 2018 show lower precision rates and, consequently, lower F1-Scores of 0.52 and 0.50 compared to the other years, which indicates a lower mowing detection accuracy. The average time span between detected and observed mowing date was lowest for 2018 (2.5 days) and highest for 2021 (3.4 days). Between one half to three thirds of all grasslands reveal correctly detected mowing frequencies or only one additional or missed mowing event when comparing the detected to the observed mowing frequency (63% in 2018, 74% in 2019, 76% in 2020 and 52% in 2021).
TABLE 2 | Results of the validation of detected mowing events in Germany for the years 2018–2021 based on an independent reference dataset. The allowed time period between detected and true mowing date was 7 days.
[image: Table 2]4.2 Investigation of drivers of mowing dynamics
4.2.1 Relationship of climatic and topographic variables to mowing dynamics
To investigate the spatial relationship between mowing dynamics and climate as well as topographic conditions, linear regression analyses were conducted between the mowing frequency and the timing of first mowing event (response variables) and the independent variables temperature, precipitation, slope and elevation for the year 2020. Table 3 shows the results of the correlation analyses for the year 2020 as this year was the one with the highest number of available data, but the other years have similar correlation results. All climate and topographic variables showed significant relationships (Table 3) to grassland management. However, the correlations were rather weak, not exceeding 13% of explained variance (Table 3). The highest correlation coefficient was identified for the relationship between the mowing frequency and annual precipitation in 2020 (Pearson’s r = 0.36).
TABLE 3 | Results of simple linear regressions of climate and topographic parameters and the mowing frequency and the timing of the first mowing event for Germany in 2020.
[image: Table 3]Annual mean temperature, total precipitation, slope and elevation of grassland use-intensity classes were investigated to identify under which climatic or topographic conditions grasslands are used rather intensively or extensively. The range of climatic conditions of all grasslands was compared to the range of intensively used, extensively used and early mown grasslands, and to the timing of the first mowing event of the year (Figures 10A–C). Two levels of intensive use were defined for grasslands that were mown at least three times and grasslands which were mown at least four times per year. Even though three mowing events are sometimes considered as a rather medium use intensity, it was defined as intensive use here as the mowing frequencies were resampled to a coarser resolution (from 10m to 1 km) to match with the climate data and, therefore, the higher mowing frequencies are probably underrepresented. When comparing the climatic condition range of intensively used grasslands to all grasslands it became visible that grasslands which were mown at least three times per year occurred in smaller temperature and precipitation ranges than all other grasslands (Figure 10A). Grasslands which were mown three to six times per year occurred in regions which showed annual mean temperatures between approximately 8.4°C–11.2 °C and precipitation amounts of 600–1,500 mm in 2020. The climatic conditions of intensively used grasslands, which were mown four to six times per year, showed even smaller ranges. In contrast, extensively used grasslands (mown zero to one time per year) occurred in the entire climatic range of grasslands in Germany (Figure 10B). Regarding the timing of the first mowing event in 2020, there is a relatively clear boundary visible as grasslands which were mown before 1st of June only appeared in regions with an annual temperature of at least 8 °C (Figure 10C). However, these grasslands occurred in the entire precipitation range. Grasslands which were mown even earlier (1st of May) in 2020 show smaller climatic ranges (9.5°C–12.2°C and 500–1,000 mm). Considering slope and elevation, a comparable picture was revealed (Figures 10D–F). Intensively used grasslands (mown three to six times) occurred mainly on smaller slopes (until around 5°) and for elevations of ca. 900 m (a.s.l.) with an interrupt between 100 and 200 m, approximately, compared to all grasslands in Germany (Figure 10D). Grasslands which were mown four to six times showed even smaller slopes (until around 2°) and a smaller elevation range of 400–850 m (a.s.l.), approximately. As for the climate variables, extensively used grasslands occurred on the entire range of slope and elevation (Figure 10E). Early mown grasslands, in particular grasslands mown before 1st of May, occurred on lower elevations and relatively small slopes compared to the entire grassland area (Figure 10F).
[image: Figure 10]FIGURE 10 | Scatterplots of grassland areas according to mean temperature and annual precipitation in 2020 (A–C), and slope and elevation (D–F), showing all grasslands in Germany (grey), the intensively used grasslands (red and orange), the extensively used grasslands (green) and grasslands which are mown early in 2020 (violet and pink).
The value ranges of temperature in 2020, precipitation in 2020, slope and elevation of intensive grassland use (mown three to six times) extracted from the overlay of mowing frequencies and climatic and topographic parameters (Figure 10) are mapped to highlight their spatial extents in Germany (Figure 11). Values outside of intensive grassland use in 2020 were greyed out for all four variables. The thresholds were estimated from visual inspection of the feature space covered by grasslands with different mowing intensity levels (Figure 10). Assuming that these variables might co-determine grassland use intensity in Germany, areas which are potentially too hot, cold, dry, steep or high for intensive grassland use are revealed (Figure 11).
[image: Figure 11]FIGURE 11 | Areas where temperature, precipitation, slope and elevation are within the distribution range of intensively used grasslands (mown 3 to 6 times) (in colors) and areas outside this range (grey).
4.2.2 Relationship of soil classes and mowing dynamics
To examine whether grasslands on some soil classes are mown more often or less often than on other soil classes, the mowing frequency in 2020 was mapped for each soil class and the distributions of mowing frequencies were compared (Figures 12A–D). Almost one third of all grassland soils are Cambisols (33%) in Germany. Histosols and Gleysols together make up for a bit more than one third (36%) of grassland soils and the remaining soil classes have smaller shares. Regarding the use intensity, there is not one soil class which is used only intensively or extensively, however there are some tendencies visible. Leptosols and Chernozems reveal lower grassland mowing frequencies, Histosols higher ones (Figure 12D). When examining the mowing frequencies spatially, the patterns match with the frequency distributions as heterogeneous mowing intensities are visible among different soils (Figures 12B, C). In the landscape in northern Germany, Gleysols show higher mowing frequencies and Histosols mixed patterns (Figures 12B, C). In central Germany, more intensive grassland use can be found on Cambisols, whereas Leptosols are less intensively used (Figures 12B, C). Some regions in the south of Germany are particularly intensively used. Here, Luvisols and Gleysols show high mowing frequencies (Figures 12B, C). When focusing on highly intensively used grasslands, which are mown four times or more, most of these grasslands occur on Cambisols (30%) or Gleysols (20%). However, Cambisol and Gleysols are among the most common grassland soils in Germany. When for each soil class the shares of intensively and extensively used grasslands are estimated, grasslands mown four to six times show overall small shares below 10%. When comparing the share of these grasslands among soil classes, Luvisols show the highest share (9%), followed by Histosols (7%). When focusing on extensively used grasslands, which are mown only up to once per year, again Cambisols (31%) and Gleysols (22%) show the highest amounts considering all soil classes. When investigating the share of extensively used grassland per each individual soil class, Chernozem (64%) is followed by Leptosols (49%), Anthrosols (44%) and Podzols (43%). It has to be added, that Chernozems are usually highly productive and the area covered by grassland is relatively low.
[image: Figure 12]FIGURE 12 | Distribution of soil classes in Germany (A) and for three zoom regions in the north, center and south of Germany (B). Mowing frequency of 2020 for the three subset regions (C) and the mowing frequency distribution of 2020 for all soil classes (D).
4.2.3 Relationship of policy frameworks and mowing dynamics
While abiotic conditions seem to shape the environmental framework for intensive grassland use, the question remains, under which conditions grasslands are rather extensively used. We investigated the influence of protected areas by comparing the mowing frequency and the timing of the first mowing event for areas within and outside of Natura 2000 sites (Figure 13). The assumption that grasslands which are protected after the Natura 2000 framework are extensively used, was only partly confirmed. Grasslands within Natura 2000 boundaries show an overall lower number of mowing events compared to grasslands outside of these protected areas (Figure 13C). However, intensively used grasslands (more than three mowing events) also occur within the protected areas. This is also visible in the mean mowing frequency values for all German Natura 2000 sites as shown in Figure 13A. Regarding the timing of the first mowing event, the peak of very early mowing activities is less pronounced for Natura 2000 grasslands, but they are also mown relatively early at times (Figure 13C).
[image: Figure 13]FIGURE 13 | Mean mowing frequency in 2020 for the Natura 2000 protected areas of Germany (A), pixel-based mowing frequencies for three zoom regions with Natura 2000 sites (B), and the distribution of mowing frequency and timing of first mowing event for all Natura 2000 areas and all other areas (C). 1st of May and 1st of June are marked as vertical lines in (C).
5 DISCUSSION
5.1 Multi-annual grassland mowing dynamics in Germany
5.1.1 Spatial and temporal patterns of mowing dynamics in Germany in 2018–2021
The overall mowing dynamics–mowing frequency and timing of the first mowing event–in Germany were relatively constant among the investigated years 2018–2021. Obviously, farmers generally retain their management routines and the mowing activities stay more or less the same. This was expected, since extensively used grasslands with a maximum of one harvest per year cannot be easily used intensively in the following year, and vice versa, as the given abiotic conditions and especially the species composition in most cases would not allow it. Intensively used grasslands are typically composed of fast-growing species, which loose fodder quality when they are not mown early enough as their woody parts increase. In contrast, species which can be found on extensive grassland sites do not show such high biomass growth rates, and hence do not allow for frequent mowing (Le Clec’h et al., 2019). Future research could elaborate on this by comparing the relationship between plant species richness and mowing dynamics for grassland areas beyond plot-scale.
The detected spatial patterns of grassland mowing intensity in Germany are in line with the results of Schwieder et al. (2021) with an overall potential range from zero to six mowing events per year and highest numbers of mowing events in southern/south-eastern Germany. Lange et a. (2022) who investigated mowing events as part of an analysis of grassland use intensity, found mostly only one to three mowing events per year and could not detect areas with high mowing intensities within Germany. The validation of our results however confirms that grasslands with mowing frequencies of up to six times per year are present in the Alpine Foreland and other regions in Germany.
Considering all investigated years, some variabilities between the years were found, in particular on smaller scales. In 2018, for large parts of Germany the first mowing was conducted earlier compared to the following years (2019–2021). The year 2018 was extraordinary hot and dry in Germany (DWD, 2020). However, January 2018 was rich in precipitation, followed by a relatively warm April and May (DWD, 2020). These conditions led to fast vegetation growth in spring (Bastos et al., 2020) which resulted in earlier mowing activities. This is in accordance with findings from a study on EVI deviances from 2000 to 2018 based on MODIS data in which April and May 2018 show positive anomalies of grassland vegetation condition, and only the summer months had negative anomalies (Reinermann et al., 2019). The overall mowing frequency in Germany, however, was not as strongly reduced in 2018 as might be expected from these relatively high temperatures and low rainfall rates, in particular, as grasslands were found to be more vulnerable against and affected by drought stress (Buras et al., 2020; Bastos et al., 2021; Chen et al., 2022) and yields were reduced (Emadodin et al., 2021; Rakovec et al., 2022). It might be possible that soil moisture was sufficient for plant growth and the weather conditions were buffered as many grasslands occur on rather moist sites (as shown in Section 4.2.2). In addition, the areas showing the highest mowing intensity in southern and south-eastern Germany were not as severely affected by the drought as areas in northern and north-western Germany (Bastos et al., 2020). In contrast to croplands, grasslands are constantly covered by vegetation which reduces the risk of top soil layers drying up. This is in accordance with Kowalski et al. (2022) who found less severe drought effects on grasslands in moist sites compared to other grasslands in a study site in the north-east of Germany. In addition, here, we investigate mowing dynamics instead of grassland yields. It is plausible that farmers still mowed their grasslands even though plant growth and, consequently, yields were reduced due to the dry and hot weather conditions. It was shown that climate extremes and management have an impact on the role of grasslands acting as a carbon sink or source, highlighting that management information needs to be considered when modelling grassland carbon balance (Myrgiotis et al., 2022).
In 2021, mowing dynamics reveal the least intensive grassland management when compared with the three preceding years. In addition, within this study relatively late first mowing events for large parts of Germany were detected for this year. This is in accordance with weather conditions, as April and May were extraordinarily cold in Germany in 2021 (DWD, 2022). As a consequence, spring plant growth was probably rather late which resulted in later mowing activities.
Schwieder et al. (2021) investigated mowing events in Germany for the years 2017–2020 with S2 and Landsat 8 (L8) data and found relatively constant patterns of mowing frequencies among the years, which is in line with our results. However, they found a smaller number of mowing events in 2018 compared to the other years even though only by a small degree. Similarly to our results, they found higher numbers of mowing events in 2020. The year 2020 was probably favorable regarding vegetation growth and, therefore, grasslands were mown more often. However, as our validation shows, there were also more mowing events detected by the algorithm as the data availability was good in 2020, at least compared to 2018 and 2021 (Figure 4).
5.1.2 Accuracy assessment of multi-annual mowing detection in Germany
Grassland mowing events were detected for the years 2018–2021 by applying an approach by Reinermann et al. (2022) developed for 2019. The resulting F1-Scores between 0.50 and 0.64 are in a similar range compared to previous studies (De Vroey et al., 2021; Schwieder et al., 2021; De Vroey et al., 2022). The accuracy assessment varies between studies and is dependent on the validation dataset and the allowed time period between detected and observed mowing date. Here, the validation dataset was relatively large and exhaustive in that regard that a variety of grasslands distributed among Germany with mowing frequencies between one to six times were included. Further, the validation dataset was based on webcam images and not on satellite data as in previous studies (Kolecka et al., 2018). Validation data independent from satellite imagery has the advantage that it is not influenced by cloud cover and, therefore, not biased towards cloud-free images. In addition, the time period of 7 days between detected and observed mowing date allowed in the presented study is rather strict compared to other studies.
The years 2019 and 2020 showed higher accuracy levels than the years 2018 and 2021. For the year 2018, the validation dataset was much smaller than for the other years (about one fourth in the number of mowing events) which could influence the accuracy assessment. However, the mowing detection in 2018 showed particularly high false positive rates. This could be related to the extremely dry weather conditions which were present in large parts of Germany (Reinermann et al., 2019; DWD, 2020). Stressed vegetation (brown, lower photosynthetic activity) results in lower EVI values and was maybe falsely identified as mown vegetation or the algorithm didn’t work as expected as the vegetation growth after mowing events might have been slower and smaller during these dry conditions. Within 2021, the rate of successfully detected mowing events was comparably small. This is probably related to the smaller amount of available cloud-free data in 2021 compared to the other years (Figure 4). The precision was highest for 2019, which is probably caused as the mowing detection approach was calibrated with data from that year. However, the year 2020 also showed high accuracy rates underlining the transferability of the method to other years which show similar climatic conditions and data availability.
5.2 Relationship of mowing dynamics to climatic, topographic, soil and socio-political drivers
5.2.1 Relationship of mowing dynamics to temperature, precipitation, slope, and elevation
The investigation of the relationship between the mowing frequency and the timing of the first mowing event to climate and topographic variables revealed significant relationships in all cases. However, the number of data points for the regression is relatively high and this potentially influences the level of significance (Rouder et al., 2009). In addition. the correlation is mostly rather low, indicating that although there is a relationship between mowing dynamics and precipitation, temperature, slope or elevation, these parameters are not explaining the mowing dynamics by a large part. The sum of rainfall in 2020 has the highest correlation to the mowing frequency among the investigated parameters, however the slope of the regression line is almost zero. The reason why there were no strong correlations and no linear relationship found between precipitation and mowing dynamics might be that more precipitation favors more intensive grassland use (Smit et al., 2008), but only to a certain point of saturation. The same applies for the other variables, however precipitation seems to be the most important one. The relationships between mowing dynamics and influencing factors might not be linear and probably influence each other. Hence, future research should look into multi-variate relationships of climatic and topographic conditions and mowing dynamics. In addition, grasslands are probably mown when the amount of biomass is considered enough by the farmers. This aspect was not studied so far as we investigated the influence of abiotic conditions on mowing intensity, which, however, essentially influence vegetation growth. Future studies could look into that and analyze the relationship between vegetation growth or quantities of biomass and mowing dynamics.
It can be assumed that for intensive grassland use a general framework of climatic and topographic conditions has to be given. Within the value ranges of this framework, intensive, intermediate and extensive use are possible and the farmer’s decision for one or the other probably depends on other factors (e.g., personal decision, scope of action). An approach to map the environmental conditions which have to be fulfilled for intensive use (Figure 11) looks plausible and reveals areas which fall into the favorable conditions and areas which are probably too cold, too hot, too dry, too wet, too steep or too elevated for intensive grassland use. Grassland biomass usually increases with rising temperature and precipitation levels (Bernhardt-Römermann et al., 2011) and grass growth is probably not sufficient if conditions are rather cold and dry. In addition, intensive grassland use requires the usage of heavy machinery which is not possible when soils are too wet. Steep slopes are unfavorable for intensive grassland use as their treatment using heavy machines is limited. In addition, the organic soil content is probably smaller on steep slopes (Kühnel et al., 2019). High altitudes above sea level might be a disadvantage for intensive grassland use as they are usually more difficult to reach and undergo a shorter vegetation period. Regarding the timing of the first mowing event a clear border is visible as grasslands which are mown before 1st of June occur in regions with an annual mean temperature of at least 8°C in 2020 (Figure 10C). This pattern is probably related to the fact that vegetation onset and growth in spring depends strongly on the temperature (Huang et al., 2020).
5.2.2 Relationship of mowing dynamics and soil classes
Regarding the analysis of mowing intensity on various soil classes, also the availability of water seems to play an important role. Rather wet soils, which are defined by their constant influence of water, like Histosols and Gleysols, show the highest mowing frequency rates in Germany. In contrast, Leptosols show the least intensive grassland usage. These soils are characterized by low permeability rates for roots and therefore might aggravate the availability of water for grassland species. However, very wet soils are unfavorable for intensive grassland use as the usage of heavy machinery needed for mowing activities might be hindered. Therefore, many soils which are characterized by water influence are probably drained for intensive grassland usage. In addition to water availability, the amount of nutrients is determining for grassland growth and, consequently, use intensity. In Germany, grasslands typically occur on areas which are unfavorable for other agricultural crops (Schoof et al., 2020a; 2020b). As a consequence, they are usually not present on highly productive soils. From the soil types which remain for grassland use, in particular Histosols usually contain relatively high rates of soil organic carbon (Eswaran et al., 1993). These conditions are advantageous for plant growth and might be the reason for higher mowing frequencies on these soils. To investigate, whether the availability of water or of soil organic matter are more important, spatially explicit data on drainage and soil SOC (Zepp et al., 2021) for grasslands would be needed.
5.2.3 Relationship of mowing dynamics to conservation schemes
While topographic and climatic conditions and soil properties seem to shape the framework of potential intensive grassland management, the motivation for farmers to extensively use their grasslands seems to be unrelated to these site conditions. One potential incentive for extensive grassland management might be conservation schemes which result in payments for farmers to compensate potential yield losses. Grasslands which are within Natura 2000 sites show tendencies of more extensive use than grasslands outside of this scheme, regarding the mowing frequency and the timing of the first mowing event. The timing of the first mowing event is ecologically critical as it has a strong impact on plant species composition and on breeding birds. Grasslands for which the first mowing event takes place very early (before 1st of May) are considered as intensively used. For many species a first mowing event after 1st of June is critical–either for reproduction or as feeding source for insect –, therefore, mowing after this date if often coupled to a compensatory payment for the farmer. The conservation scheme of Natura 2000 aims at sustaining habitats. This is not necessarily connected with extensive grassland management, but just implies that the condition of the ecosystem remains qualitatively stable over time. The grassland ecosystem might remain stable even though or particularly because of intermediate (or even intensive) grassland management. In addition, the laws and enforcements are defined by the countries and in the case of Germany, by the single Federal States. Furthermore, every Natura 2000 site has (or should have) an individual management plan which is specifically developed for this ecosystem. A nationwide comparison of restraints and guidelines is therefore difficult (Fischer-Hüftle and Gellermann, 2018).
5.3 The important role of protection mechanisms
Despite their large value in providing multiple ecosystem services, extensively used grasslands with high nature value are under threat in Germany as they are intensified or converted to cropland (Bundesamt für Naturschutz, 2020). As the intensification of grasslands aims at increasing yields, grassland ecosystems are often changed to improve plant growth by drainage, (increased) fertilization or irrigation, for example,. As a result, grassland ecosystems might change completely, leading to species loss, increased nitrogen input and potentially irreversible destruction of fens and mires (Kreyling et al., 2021), which are often covered by grasslands (Middleton et al., 2006). According to our findings a certain abiotic framework is needed for intensive grassland use in Germany, which is present in large parts of the country. Well-directed protection mechanisms are needed to guarantee the conservation of extensively used high nature value grasslands in Germany. Otherwise, in the near future many more will be intensified as the pressure on farmers rises due to high demands in meat and dairy products, low profits and negative effects of climate change (Hocquette et al., 2018).
Information on the timing and frequency of mowing events, as generated within this study, is a useful component in the assessment of grassland ecosystem functions. These datasets serve as inputs for ecological, ecosystem service, nutrient flux and yield models, among others. For instance, the incorporation of mowing dates potentially improves carbon, nitrogen and yield modelling within the LandscapeDNDC model (Petersen et al., 2021).
6 CONCLUSION
Information on mowing dynamics (timing and frequency of mowing events) is crucial to investigate grassland ecosystem services but mowing dynamics are usually unknown beyond farm-scale in Germany and can be very heterogeneous. Remote sensing enables the multi-annual continuous investigation of grassland characteristics, resulting in estimates of mowing frequency and timing of mowing events. By detecting mowing events with S2 time series we mapped and investigated mowing dynamics for the years 2018–2021 in Germany on 10 m resolution with accuracies (F1-Score) of 0.52 (2018), 0.64 (2019), 0.63 (2020) and 0.50 (2021) with an allowed time difference of 7 days. We found that most grasslands of Germany show extensive or intermediate use (up to three mowing events) with proportions of 45%–56% (extensive) and 42%–51% (intermediate) of the entire grassland area, as detected within the years. Extensively used grasslands are distributed over the entire country and highly intensively used grasslands (up to six mowing events) can be found mostly in southern/south-eastern Germany. These patterns remain relatively the same between the investigated years (2018–2021), but variabilities on smaller scales are visible. Topographic (elevation, slope) and climatic (precipitation, temperature) parameters are not linearly related to mowing dynamics but these parameters provide the environmental framework. According to our findings, in particular the availability of water plays a role for intensive grassland use as regions with high rainfall rates and areas with soil types which are characterized by the influence of water, show higher numbers of mowing events. However, the abiotic conditions only explain the basic conditions. The incentives for farmers to use their grassland extensively or intensively are probably more complex and difficult to measure. Protection mechanisms have probably a large influence on mowing dynamics. However, Natura 2000 sites are not exclusively characterized by extensive grassland use as their goal is to sustain ecosystems and this could also be related to more mowing events per year. In addition to that, personal farmers’ choices, which might be related to tradition, personal preferences or the scope of action, are probably more important than expected and are therefore an important factor in investigating grassland mowing dynamics in Germany.
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